A procedure is described to allow selective cancellation of polarized scattering within optical substrates and multilayers. It is shown how bulk scattering (respectively surface) can be directly eliminated while the remaining roughness (respectively bulk) signal is still measurable. The same procedure can be applied to isolate a single interface or bulk within a stack or to detect slight departure from perfect correlation within multilayers. Experiments and a procedure for selective imaging in random media are described.
Introduction
Numerous works have been devoted to the reduction or cancellation of scattering sources (surface roughness and bulk heterogeneity) within optical substrates and multilayers. Some authors have considered the shift of the electric field [1] within the bulk of the stacks in order to reduce the source of scattering, but the resulting efficiency is low and mainly limited to quarter-wave mirrors with specific correlation between roughnesses [2] . Others have considered destructive interference of waves scattered from different surfaces within a stack, which is known as an antiscattering effect [3] , largely confirmed by experiment and that was successfully used to produce light absorbers [4] . More recently a technique was proposed to eliminate polarized angular scattering [5] , thanks to the introduction of an analyzer and a retardation plate that must be tuned in each direction of space.
In a more general way, all these techniques have led to investigations devoted to the separation of surface and bulk effects in optical substrates and coatings [6] . Wavelength variations were previously used for substrates, due to the Ϫ␣ behavior of scattering, with being the incident wavelength and ␣ being a parameter connected with microstructure or particle size. In the case of interferential stacks, these wavelength variations are design dependent with a spectral behavior that can be summarized as follows [7] : Y Depending on cross-correlation coefficients between interface roughnesses, surface scattering can be in phase or in phase opposition with the specular reflection factor of the stack.
Y Bulk scattering is most often in phase opposition with correlated surface scattering, due the lack of correlation between volume scatterers in different layers. It is in phase with specular transmission and absorption.
Other techniques for discrimination of scatterers were based on the antiscattering effect, which allows strong reduction [3, 4] of surface scattering and hence emphasizes the presence of bulk effects. Last, the polarization of angular scattering was studied to show that the polarization ratio was a specific signature of the scattering origins [8 -14] . Such a technique was extended and has led to angleresolved ellipsometry of light scattering, a technique that has already led to successful results [5, 6, 9, 14] .
In this paper we briefly summarize previous investigations that were reached in Marseilles and address new results for the selective cancellation of scattering sources [5, 15] . Surface and bulk scattering can be selectively and separately eliminated, and a single interface or bulk can be isolated within a stack. A polarimetric phase term is also shown to be highly sensitive to cross-correlation factors within multilayers. Applications concern identification of the scattering origins with selective cancellation, which addresses the field of imaging in random media.
Theory
Previous papers [6, 15] have shown that the speckle pattern issued from rough surfaces or heterogeneous bulks is most often fully polarized, since the polarimetric phase term can be measured in each direction of space. Under this assumption, it is classical to introduce an analyzer and a retardation plate to extinguish the scattering levels.
A. Basic Principle of Field Extinction
Let us denote by A ϭ ͑A S , A P ͒ the vector complex amplitude of the monochromatic plane wave that is scattered in direction ͑, ͒ in the far field, with A S and A P being the polarization components (Fig. 1) . The phase term that describes polarization of the scattered wave is given by
with
A zero value of ⌬ characterizes linear polarization, whereas nonzero values are for the general case of elliptic polarization.
After passing through the analyzer rotated at angle from the S direction, the two polarization components are projected and added into an algebric sum given by
Then a zero scattering would be obtained if we could satisfy the condition tan ϭ ϪA S ͞A P .
However, the fields are complex so that Eq. (3) cannot be satisfied in all cases, except if we introduce a retardation plate on the incident beam. With this optical device, Eq. (2) is turned into
with ⌬* being the delay provided by the retardation plate. In what follows, Eq. (4) will be rewritten as
with z being a complex number that can be arbitrarily chosen in the complex plane:
Therefore the optical elements (analyzer and retardation plates) can be tuned in each scattering direction to reach the extinction of the field, that is, Fig. 1 . Procedure for scattering cancellation. In (a) the scattering angles are denoted ͑ 0 , ͒, with being the tangential wave vector and n being the refractive index of air ͑n 0 ͒ or the substrate ͑n s ͒. In (b) the wave vector of the scattered wave is denoted k, with A S and A P being the polarization components. Illumination is performed with linear polarization at 45°. with z 0 given by
B. Selective Extinction of Scattering Sources
More innovation can be found in the preceding procedure if we are able to eliminate scattering in a selective way [5] . Such an objective can be reached thanks to the linear property of the f transformation. Indeed it is immediate to check that
with A i being different fields scattered from specific objects or sources to be eliminated or revealed. From Eq. (9) we observe that any specific field A i can be eliminated after the f transformation, provided that the z number is adequately matched with the analyzer and retardation plate:
In a more general way, any single or subseries term can be eliminated in Eq. (9), which opens the door to selective cancellation or selective imaging. However, for the procedure to work, the polarization behaviors should be different for all series terms in Eq. (9) to avoid simultaneous extinction of all fields. In other words, f͑z i , A i ͒ should be different from f͑z i , A j ͒, with i j. For this reason oblique incidence will most often be used.
Note also that Eq. (9) must be written, strictly speaking, as
with A i being the field that would be scattered if the object (i) were alone under illumination, and A* takes into account the interaction between all objects. Such interaction A* can also be isolated or canceled thanks to the choice of the adequate z number. However, this additional term A* can be neglected when all sources are first-order scatterers, due to its second-order weight.
C. Consequences
Case of Low-Level Scattering
First-order theories of light scattering from thin-film multilayers [7,16 -20] have shown that the angular scattered fields are proportional to the Fourier transform of topography (surface roughness) or permittivity (bulk heterogeneity). Within this framework one can obtain the following results [5, 6, 9, 15] :
Y The annulment conditions ͑z ϭ z 0 ͒ given in relations (7) and (10) do not depend on the microstructure of the samples, whether these samples are coated or not. This is true for substrates and correlated stacks and results from the fact that the microstructure terms vanish in the scattering ratio A S ͞A P . Therefore the analyzer and retardation plate can be tuned a priori, without any knowledge of the microstructure.
Y The annulment values ͑, ⌬*͒ exhibit low variations versus scattering angle, which simplifies the experimental procedure and guarantees that all fields are fully polarized whatever the receiver solid angle.
Y Surface and bulk scattering from substrates and coatings can be directly and selectively separated at oblique illumination, thanks to their different polarization behaviors.
Y A specific signature of surface scattering is given by a step in the polarimetric phase term ⌬ when oblique illumination is used, which does not occur for bulk scattering. This is due to a sign change at large angles of the p-polarized field scattered by surface roughness.
Case of Arbitrary Scattering Levels
High scattering levels lead to key differences that can be summarized as follows [5, 6, 15] :
Y The annulment conditions now depend on the sample's microstructure, so that they cannot be predicted a priori.
Y The annulment values ͑, ⌬*͒ may strongly vary with the scattering direction, which gives complexity to the experimental procedure and setup.
Y At normal illumination, surface and bulk scattering exhibit specific signatures that are practical for the identification of scattering origins. The phase term ⌬ remains low for roughness scattering within the whole angular range, whereas that of bulk scattering exhibits quasi-uniform variations within (0°, 360°).
Y Partial or total depolarization must be taken into account, depending on the correlation length of the microstructure and receiver solid angle. These phenomena are responsible for the validity limit of the method.
All these results are illustrated in the Poincaré spheres of Fig. 2 . Low-level scattering (surface or bulk) describes an equatorial line on the sphere [ Fig.  2(a) ]. When roughness increases to scatter the whole incident light, a slight departure from the equatorial line can be observed [ Fig. 2(b) ]. High bulk scattering levels create random variations of polarization uniformly distributed over the sphere [ Fig. 2(c) ].
Notice that most surfaces at disposal exhibit low slopes in the optical bandpass [21] , even with high roughnesses. In the extreme case of high slopes (greater than 100%), surface and bulk scattering may reveal similar signatures [22] .
Numerical Calculation

A. Selective Cancellation of Surface or Bulk Scattering
In Fig. 3 we have considered a glass sample with refractive index n s ϭ 1.50 at the illumination wavelength ϭ 633 nm. We assume the sample to support a 1.12 nm roughness ␦ at its surface and a 9.56 ϫ 10 Ϫ3 heterogeneity in its bulk. These root-meansquare values for surface and bulk are defined as
with r ϭ ͑x, y͒ being the space coordinates in the plane z ϭ 0, S being the illuminated area on the sample, h being the surface profile, n being the average refractive index, and ⌬n being random variations from this average index value. These quadratic val- ues ␦ and are obtained by integration of the roughness and permittivity spectra involved in the scattering calculation [7,16 -20] .
Angular scattering from the surface and from the bulk are plotted separately for oblique illumination ͑i ϭ 56°͒. We observe that the two curves are quasisuperimposed, which does not allow separation or discrimination.
After introduction of the analyzer and retardation plates, one can tune the z number and apply the f transformation to selectively cancel surface ͑z ϭ z s ͒ or bulk ͑z ϭ z b ͒ scattering. Bulk scattering is the remaining signal when the condition f͑z s , A͒ ϭ 0 is satisfied, whereas surface scattering is the remaining signal in the case when f͑z b , A͒ ϭ 0. Numerical calculation shows that the zero conditions are different depending on the scattering origins. The resulting intensity patterns are calculated in Fig. 4 and show that all remaining signals can easily be measured. These results validate the separation technique for surface and bulk effects, which can be directly extended to multilayers. Notice here that average envelopes (Fourier transform of Gaussian and exponential functions) were used to describe roughness and permittivity spectra, which explains the smoothness of all curves. It should also be noted that the procedure is not limited to a particular illumination incidence such as i ϭ 56°; actually the efficiency of the selective cancellation increases with the illumination incidence i, with an approximate optimized value of 56°chosen for this work.
The values of the parameters of the polarizer and retardation plates that allow cancellation of surface and bulk scattering are given in Figs. 5 and 6. As predicted for low-level scattering, their angular variations are smooth in the angular range. Such parameter values were used to calculate the curves of Figs. 3 and 4.
B. Isolation of a Single Interface within a Stack
Let us denote by A i the field scattered from surface (i) within a multilayer, so that the resulting field A ϭ ͚i A i and its transformation f(A) follow Eq. (9). In a way similar to that in Subsection 3.B, a particular scattering interface within a stack can be canceled if the z number is matched as
However, it is more interesting to isolate scattering from a single interface (i) within the stack. In this case the z number must be matched to cancel all scattering fields A j i except that of surface (i):
In Fig. 7 we have considered a single thin-film layer with two interface roughnesses. The zero conditions are different for each interface roughness, even at normal illumination. Two curves are plotted that describe the angular intensity pattern when the two surfaces simultaneously scatter (bold curve) and that describe the remaining pattern (dashed curve) after cancellation of the top surface in contact with air. Although the remaining signal is more reduced than those of Subsection 3.B, it still remains measurable. Such results prove that scattering from a particular surface within a stack can be separately measured. Notice here in all curves the presence of a ripple in opposition with those of Fig. 4 , due to the fact that we did not use average envelopes for the spectra, but calculated direct Fourier transforms of topography.
C. Investigation of Cross-Correlation Factors within a Stack
Cross-correlation coefficients ␣ ij within a stack are connected with thin-film microstructure [16, 23] and given by 
with ␥ j being the roughness spectrum of surface (j) or the permittivity spectrum of bulk (j) and ␥ ij being the Fourier transform of the cross-correlation function between (i) and (j) roughnesses or (i) and (j) heterogeneities. These coefficients are responsible for mutual coherence of waves [19, 20] scattered from different surfaces or from different bulks and hence allow interference to occur or not between the scattered waves. The ideal case of correlated stacks ͑␣ ij ϭ 1͒ occurs when the substrate roughness is perfectly replicated throughout the multilayer, so that all surfaces are identical (substrate effect). The other extreme case of uncorrelated surfaces ͑␣ ij ϭ 0͒ is considered when microroughness brought by thinfilm materials dominates the substrate effect. Therefore characterization of these coefficients is a key for scattering minimization, which is connected with the choice of deposition technologies and materials. In this subsection we emphasize the sensitivity of the angular polarimetric phase term ⌬ of the scattered wave to these coefficients [14] .
Results are calculated and plotted in Fig. 8 for a single high-index layer illuminated at 56°incidence. For this calculation we considered that the growth of roughness from one interface to another can be described as
where the substrate roughness h s is the original back surface to be replicated, and g is a residual roughness brought by materials at each surface. The resulting curve is smooth for correlated stacks ͑␣ ij ϭ 1 ⇔ g Fig. 11 . Bulk scattering in a lemon gel, before (left) and after (right) f transformation.
ϭ 0͒, due to the fact that it does not depend on microstructure [6, 9, 15] . On the other hand, a slight departure from perfect correlation (10% in the figure) causes the phase term to depend on microstructure, for which reason phase peaks appear at particular angles.
Application to Selective Imaging
Some experimental results can be found in [15] for selective cancellation of surface or bulk scattering, and they have already validated most predictions. We here complete the predictions by considering selective imaging on specific samples. Experiments were performed with a specific scatterometer [24] that was rebuilt several times and extended to ellipsometric measurements on the scattered light [6, 9] . The apparatus (Fig. 9) is ten-axis computer controlled, with laser wavelengths in the range from 325 nm to 10.6 m. Scattering data can be recorded in each direction of space, that is, for all normal and polar angles. The setup is placed in a clean room (100000). Phase data can be recorded thanks to an elasto-optic polarization modulator coupled with an analyzer [6] . This optical device is removed after phase measurements and replaced by a tunable retardation plate or a quarter-wave plate so that the f transformation can be performed. A CCD camera and an objective allow imaging of scattering sources after the scattered light has passed through the retardation and analyzer plates.
In Fig. 10 we considered scattering from a small flask that was filled with a turbid liquid in which bulk scattering can be created with controllable levels. In Fig. 10 (a) two images can be seen, the back one being the direct image of the scattering liquid, and the top one being the image of the scattering bulk through the top face of the flask. In the other figures we applied the f transformation by tuning the adequate z number to cancel one [ Fig. 10(b) ] or the other [ Fig. 10(c) ] image of the scattering bulk. These results validate the procedure for selective cancellation. Figure 11 shows a laser beam in a lemon gel (left figure) and emphasizes the cancellation of bulk scattering (right figure).
Conclusion
We have described a procedure that allows selective cancellation of polarized scattering from random roughness or bulk heterogeneities within optical substrates and multilayers. Numerical calculation has allowed us to emphasize the remaining bulk signal after cancellation of surface scattering and vice versa. In all cases the remaining signal remains easily measurable. It was also shown how a single interface or bulk can be isolated within a stack. At last we investigated the sensitivity of phase terms to crosscorrelation factors within a stack. Experiments were given for selective imaging in random media. Notice that the procedure can be applied to z probing in optical multilayers [25] .
In a general way, the limits of the cancellation technique may occur in the case of high scattering levels emitted by defects with small correlation lengths [22] . With such samples, the rapid variations of the angular phase term within the receiver solid angle may average the polarization behavior, in which case all cancellation values must be replaced by minima values.
